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Using an effective field theory we study the low-lying bosonic excitations and their couplings to phonons
at ultrasonic frequencies in superfluid 3He-B under strong confinement. We show that confinement induces a
rich spectrum of low-lying bosons, including surface-bound bosonic states, as well as fine structure of long-
lived massive bosons. Under sufficiently strong confinement we find a dynamical instability of the 3He-B film:
the frequency of the surface-bound boson softens at finite wavevector, then develops a pole in the upper half
of the complex frequency plane, signalling a dynamical instability of the translationally invariant superfluid
vacuum towards pair-density-wave “crystallization”. We discuss the signatures and observability of the low-
lying bosonic spectrum based on analysis of the ultrasound attenuation from resonant excitation of the bosonic
modes. We also note that surface-bound bosonic modes are not unique to 3He-B, but are expected to be common
to unconventional superconductors with a multi-component order parameter.
Introduction.— The low-energy physics of DIII topological
superconductors (SCs), is governed by two key ingredients –
bosons as collective modes of the ordered state, and helical Ma-
jorana fermions (MFs) as topologically protected Bogoliubov
quasiparticles. The helical MFs emerge on the surface as a hall-
mark of nontrivial topology in momentum space [1–3], while
the spectrum of bosonic modes reflects the symmetry of the
superfluid vacuum [4]. Among them, Nambu-Goldstone (NG)
and massive Higgs bosons are the centerpieces of dynamics and
transport phenomena, as they involve the coherent motion of a
macroscopic fraction of particles.
The B phase of superfluid 3He, a spin-triplet p-wave super-
fluid with an isotropic gap∆, has served as a prototype for study-
ing transport phenomena mediated by a variety of low-lying
bosons, as fermions are frozen out at low temperatures. The B-
phase of 3He spontaneously breaks relative spin-orbit rotation
symmetry, while preserving joint rotation symmetry in spin and
orbital spaces. Thus, the 18 bosonic modes of 3He-B are cate-
gorized in terms of the total angular momentum, J ∈ {0,1,2},
and parity under particle-hole conversion, C = ±. The spec-
trum includes 4 NG bosons: the JC = 0−phase mode and 3
J = 1+ spin-orbit modes, as well as 14 massive Higgs modes
(c.f. Fig. 1).
The JC = 2± quintets are long-lived Higgs bosons with
masses smaller than the threshold energy, 2∆, for decay into
unbound fermion pairs. The JC = 2− bosons couple strongly to
mass current fluctuations [5–8], while the coupling of JC = 2+
bosons to mass currents becomes active through the weak vi-
olation of the particle-hole symmetry by the normal fermionic
vacuum [9]. Indeed, the masses of the JC = 2± modes have
been precisely measured using resonant longitudinal ultrasound
absorption spectroscopy [10–13], transverse ultrasound velocity
spectroscopy, and acoustic Faraday rotation of transverse sound
measurements [14–18]. In addition to the J = 2 bosons, the
JC = 1+ NG/pseudo-NG bosons were detected through the de-
cay of a Bose-Einstein condensate of magnons [19].
Superfluid 3He-B exhibits emergent DIII topology as a con-
sequence of spontaneous symmetry breaking of parity and sep-
arate spin, orbital and gauge symmetries by the fermionic vac-
uum to the sub-group of combined spin and orbital rotations
and time-reversal, i.e. SO(3)S × SO(3)L × U(1)N × T× P →
SO(3)J × T. A consequence of the bulk-edge correspondence
is the spectrum of massless Majorana fermions confined on the
surface of 3He-B. The signatures and observable consequences
of the surface Majorana spectrum are a subject of current theo-
retical and experimental investigation [1, 20, 21]. In this Letter
we show that the broken symmetries exhibited by 3He-B, com-
bined with dimensional confinement, also lead to a new spec-
trum of surface-bound bosonic modes. (see Fig. 1).
We develop an effective field theory that incorporates the con-
finement potential, and captures all the features of the space-
time fluctuations of the bosonic fields. We focus on two key
consequences of confinement: (i) surface depairing and (ii) ad-
ditional symmetry breaking by the confining potential. The for-
mer leads to distortion of the equilibrium order parameter near
the surface. We demonstrate that such local distortions generate
attractive potentials for the bosonic fields. As a result surface-
bound bosons emerge. The existence of surface-bound bosons
is not unique to 3He-B, but is expected to be common to un-
conventional SCs with a multi-component order parameter, as
well as inhomogeneous SCs hosting topological defects [22].
We also show that one of the surface modes softens as the con-
finement approaches a critical thickness, signaling a dynamical
instability of translationally invariant 3He-B within the slab to a
crystalline-ordered superfluid [23]. Symmetry reduction by the
confinement potential also partially lifts the fivefold degeneracy
of the bulk J = 2 Higgs modes, similar to crystal-field splitting
bulk slab bulk
surface mode
slab
surface mode
FIG. 1. Bosonic energy-level spectra for C=− (a) and C=+ (b) in the
bulk and for 3He-B confined in a slab. New surface bosonic excitations
appear in confined geometry. In confined geometry some of JC = 1+
NG bosons acquire a small mass and become pseudo-NG bosons.
2of electronic levels of ions confined in the solid state.
Effective field theory.— An effective field theory for super-
fluid 3He-B is based on the underlying fermionic spectrum of
topological superfluid 3He-B, i.e. that low-lying quasiparticle
states are decomposed into surface-bound helical MFs for en-
ergies |E| < ∆, and extended states with |E| > ∆. The sub-
gap part of the spectrum generates the action for the Majorana
fields, while the bosonic spectrum develops from the negative
energy continuum by the formation of bound-fermions from the
p-wave, spin-triplet interaction in the Cooper channel [4]. The
pair condensate and bosonic excitations are described by the or-
der parameter for spin-triplet p-wave superfluids, which is rep-
resented by the tensor field, Aµi, with spin index µ and momen-
tum index i (µ , i = x,y,z). The action for the bosonic fields is
obtained from the bosonization of the fermionic action and the
expansion of the bosonized action with respect to small fluc-
tuations around the equilibrium order parameter, Aµi, that is,
|Dµi| ≡ |Aµi−Aµi| ≪ ∆. The resulting effective action reduces
to a Lorentz invariant form [24],
SB =
∫
d4x{τ Tr [∂tA
∗∂tA ]− fGL[A
∗,A ]} , (1)
which is an extension of the Higgs model [25] to tensor
fields. The effective inertia for dyamical fluctuations of
Aµi is microscopically obtained as τ = 3β0 =
7ζ (3)NF
40[pikBTc0]2
,
in the weak-coupling BCS approximation [24], where NF
is the density of states of the normal fermionic vacuum
and Tc0 is the bulk superfluid transition temperature. For
|Aµi| ≪ kBTc0 , the potential term reduces to the Ginzburg-
Landau (GL) functional, fGL = fb + fg, where the bulk
and gradient free energy terms are given in the weak-
coupling approximation by fb = −
NF
3
(1 − T
Tc0
)Tr(A A †) −
3
5
β0|Tr(A A
T)|2+ 6
5
β0[Tr(A A
†)]2+ 6
5
β0Tr[A A
T(A A T)∗]+
6
5
β0Tr[(A A
†)2] − 6
5
β0Tr[A A
†(A A †)∗] and fg =
1
5
NFξ
2
0 (∂iA
∗
µ j∂iAµ j + ∂iA
∗
µ j∂ jAµi + ∂iA
∗
µi∂ jAµ j), respec-
tively. NB: aT denotes the transpose of a, and ξ0 = h¯v f /2pikBTc0
is the coherence length which varies from ξ0 ≃ 80−20nm over
the pressure range, p = 0− 34bar.
The order parameter of bulk 3He-B is given by Aµi =
∆(T )δµi, which is scalar under SO(3)J. The equations of motion
for Dµi obtained from the principle of least-action applied to
Eq. (1) describe all bosonic modes in bulk 3He-B [13, 24]. Each
J sector of the bosonic spectrum satisfies Nambu’s fermion-
boson mass relation, ∑C(M
C
J )
2 = (2∆)2, where ∆ is the Bogoli-
ubov fermion mass (gap) [13, 26, 27]. As shown in Fig. 1,
the C = − sector contains the NG mode for JC = 0− and
the massive JC = 1− and JC = 2− modes with M−1 = 2∆ and
M−2 =
√
12/5∆. Their charge conjugation partners with C=+
include the JC = 0+ Higgs boson, the JC = 1+ NG bosons, and
the JC = 2+ quintet with mass, M+2 =
√
8/5∆.
Surface-bound bosonic modes.— Consider superfluid 3He-
B confined between two parallel boundaries with thickness D,
where the zˆ-axis is normal to the boundaries. The equilibrium
order parameter is then given by
Aµi(z) = ∆(T )

 f‖(z) 0 00 f‖(z) 0
0 0 fz(z)


µi
. (2)
-1.0
-0.5
 0
 0.5
1.0
0.8
0.6
0.4
0.2
0
0 10 20 30-10-20-30
-1.5
-2.0
100 20
1.0
0.8
0.6
0.4
0.2
0
0 10 20 30-10-20-30
5 2515 100 205 2515
FIG. 2. Effective potentials,UCm (z), for m=±2: (a) (m,C) = (±2,−1)
and (b) (±2,+1), where the solid and broken lines (black) show the
potenial constructed from f‖ and fz, respectively. The insets show the
spatial profiles of the lowest excitation modes, |DCm,n=1(z)|, where the
dashed and dashed-dotted curves correspond to the equilibrium order
parameters.
The variables f‖ and fz describe the the distortion of the order
parameter by the confining potential. The spatial profiles of the
order parameter for D/ξ0 = 73 and T/Tc0 = 0.8 are shown in
the insets of Fig. 2. We impose specular boundary conditions,
∂z f‖ = 0 and fz = 0 at the surfaces, z=±D/2.
For bosonic modes propagating with momentum Q‖ parallel
to the surface of the confining potential the equations of motions
for DCµi(z)e
−iωt+iQ‖x are
H
C
µi,ν j(z,Q‖)D
C
ν j(z,Q‖) = ω
2
D
C
µi(z,Q‖) , (3)
where DCµi = Dµi + CD
∗
µi is odd (C = −1) and even (C =
+1) under charge conjugation. The matrix elements are
defined by the functional derivatives of fGL, H
C
µi,ν j =
[δ 2 fGL/δD
C
µiδD
C
ν j ]0, evaluated in equilibrium.
The equilibrium state in Eq. (2) is invariant under com-
bined rotation in spin and orbital spaces about the zˆ axis, i.e.
SO(2)Jz . Thus, Eq. (3) is block-diagonalized in terms of the
eigenvectors of Jˆz, with eigenvalues, mJ = {0,±1,±2}. In ad-
dition, Eq. (2) is invariant under, Pz, inversion along zˆ. Let
P = PzR[pi zˆ] be the inversion operator combined with a pi ro-
tation. The bosonic modes are then the eigenstates of the op-
erator, PDµi(z) = Dµi(−z) = ±Dµi(z). The mJ = 0 sector is
further subdivided by parity under the mirror reflection sym-
metry combined with a pi rotation, {0+,0−}, where the mirror
plane contains the zˆ axis and is perpendicular to the surface.
The full set of quantum numbers for the bosonic modes is given
by (m,P,C) = ({0+,0−,±1,±2},±,±).
For JC = 2± the m = {−2,−1,0,+1,+2} modes obtained
from Eq. (3) have bound-state solutions in confined geometry.
Here we focus on the m= ±2 sector. For Q‖ = 0, D
C
m=±2(z) is
governed by the Schro¨dinger-type equation
[
−λ 2∂ 2z +U
C
m(z)
]
D
C
m(z) =
[
(ωCm)
2− (MCJ )
2
]
D
C
m(z) , (4)
where λ 2 ≡
7ζ (3)ξ 20
2(1−T/Tc0)
. The potential is determined by the equi-
librium order parameter, UC±2(z) =
16
5
[ f 2‖ (z)− 1]−
2(2−C)
5
[1−
f 2z (z)].
Figures 2(a) and 2(b) showUCm (z) for (m,C) = (±2,−1) and
(±2,+1) atD/ξ0 = 73 and T/Tc0 = 0.8, respectively. The local
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FIG. 3. (a) Bosonic mode frequencies, ωCm,n(0), as a function of con-
finement, D/ξ0. (b) Intensities, P
(m,C)
n , of the n = 1,2,3 modes for
(m,C) = (±2,−1) as a functions of D/ξ0. “S” and “A (P)” stand for
the regions in which the “stripe” and A (planar) phases are thermo-
dynamically stable; “DI” indicates the region of dynamical instability
with Im(ωCm,n) > 0. (c,d) Attenuation spectra, ρ
−(ω), and intensities
of m = 0+ and ±2 modes at (c) D/ξ0 = 137 (c) and (d) D/ξ0 = 31,
both at T/Tc0 = 0.8 (γ = 0.01∆(T )).
enhancement (suppression) of the parallel (perpendicular) com-
ponent, f 2‖ > 1 ( f
2
z < 1), near the surface generates the repulsive
(attractive) potential in the case of specular surfaces. However,
the total potential becomes attractive, and thus a bound state so-
lution with excitation energy ω <M−2 = ∆
√
12/5 exists only in
the C=− sector.
To calculate the bound-state energy, consider a semi-infinite
system with a specular surface (z = 0) and approximate the lo-
cal distorsion as ε ≡ f 2‖ − 1∼ 0.2 and 1− f
2
z (z) = sech
2(z/λ ).
For C = −, Eq. (4) has the bound state solution, ω−±2(0) =√
M22,−− (
4
5
− 16
5
ε)∆2(T ) < M2,−. The spatial profiles of
the two lowest modes, obtained by numerically diagonalizing
Eq. (4), are shown in the insets of Figs. 2(a) and 2(b). The low-
est mode for C=− is tightly bound to both surfaces on the scale
of 5ξ0, while the C = + sector has the wave function extended
throughout the system. We refer to the former (latter) as the sur-
face bosonic mode (extended bosonic mode). In Fig. 3(a), we
plot the thickness dependence,D, of the low-lying bosonic spec-
tral weights. Note that irrespective of D/ξ0 the surface bound
modes always have a mass gap below that of the extended state.
We also find that surface bosonic modes appear in the sectors
of (m,C) = (±1,−), (±2,−), and (0+,+) [24]. These modes
are relatively insensitive to strong-coupling corrections to the
GL parameters in fb, but are sensitive to the surface boundary
condition. For retro-reflective boundaries, which induce maxi-
mal surface depairing such that f‖ = fz = tanh(z/λ ), the poten-
tial, UCm (z), becomes attractive, and thus bound-state solutions
appear even for (m,C) = (±2,+).
Ultrasound attenuation.— Ultrasound spectroscopy has
proven to be a powerful probe of the bosonic modes of bulk 3He
[28, 29]. Here we discuss the coupling, selection rules and sig-
natures of the bosonic modes in confined 3He-B for ultrasound
propagation and attenuation measurements. For this purpose,
we introduce the effective coupling of order parameter fluctua-
tions to the density fluctuation, ρ(x),
Ssource =−
∫
d4xρ(x)QˆµQˆi
(
β−D−µi(x)+β
+
D
+
µi(x)
)
. (5)
In Eq. (5), Qˆµ ≡ −i∂µ is the momentum operator and β
C rep-
resents the coupling strength between a density fluctuation and
the order parameter. The term with β+ was introduced in Ref.
[30] to calculate the splitting of the JC = 2+ modes caused
by the combined effects of magnetic field, dispersion, and tex-
ture. The action defined in Eq. (5) reproduces the coupling
of bulk bosonic modes to ultrasound waves to leading order in
vFQ/ω ≪ 1 [24].
The effective coupling in Eq. (5) leads to the addition of a
source term in Eq. (3), i.e. [ω2−H Cµi,ν j]D
C
ν j = β
C(clQ‖)
2bµi,
where bµi = qˆµ qˆi with qˆ = Q/|Q| being the sound propa-
gation direction. The spectral density for the absorption of
sound is defined as ρ(ω) = − 1pi ∑C
∫
dz Im
[
b
ρ∗
µiD
C
µi(z,Q‖)
]
≡
ρ−(ω)+ζ 2ρ+(ω) , where ζ ≈ kBTc/E f ∼ 10
−3 is the particle-
hole asymmetry coupling that lifts the selection rule for cou-
pling density fluctuations to theC=+1 bosonic modes [9]. For
vFQ‖/ω ≪ 1, the spectral functions reduce to
ρC(ω) =−
1
pi
Im∑
n
|P
(m,C)
n |2
(ω + iγ)2− [ωCm,n(0)]
2
, (6)
where γ ≪ ωCm,n represents the natural linewidth of the mode.
Equation (6) has poles at the frequencies, ωCm,n(0) correspond-
ing to resonant absorption of sound by excitation of the bosonic
mode m,n,C. In Eq. (6), |P
(m,C)
n |2 represents the intensity of the
coupling of the nth bosonic mode to the density.
Here we consider longitudinal sound propagating parallel to
the surface (qˆ ‖ xˆ), where only the m= 0+ and ±2 modes con-
tribute to ρ(ω). In Fig. 3(b), we show results for |P
(±2,−)
n | as a
function of D/ξ0 at T/Tc0 = 0.8. In the bulk limit, D≫ 100ξ0,
the main contribution to ρ−(ω) for m=±2 originates from the
transition to the n = 2 mode that corresponds to the JC = 2−
modes in bulk 3He-B. As D approaches the critical thickness
Dc2 at which the B to “stripe” transition occurs [23], the energy
level of the n = 2 extended mode becomes higher, while the
surface bound mode with even parity remains the lowest mode
(Fig. 3(a)). Figure 3(b) shows that the surface boundmode dom-
inates the main resonance in the sound attenuation spectrum for
D/ξ0 . 50.
Figures 3(c) and 3(d) show the attenuation spectrum at
D/ξ0 = 137 and 31, respectively. The crossover from the lowest
extended mode to the surface bound mode gives rise to the shift
of the main resonance peak in the attenuation spectrum, ρ−(ω).
Note that the resonance due to the surface bound mode exists
as the satellite peak even for weak confinement, D/ξ0 = 137,
while the main peak shifts to the resonance of the surface bound
mode at D/ξ0 = 31.
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FIG. 4. (a) Ultrasound attenuation spectrum, ρ+(ω), at D/ξ0 = 31
(γ = 0.01∆(T )). (b) Bosonic excitation spectra for (m,C) = (0+,+) as
a function of D/ξ0. All calculations for T/Tc0 = 0.8.
Confinement also leads to a splitting of the absorption peak
into two peaks for ω ≈ M−2 ∼ 1.55∆(T ) and D/ξ0 . 31. The
origin of the splitting is this: the confinement potential ex-
plicitly breaks the SO(3)J symmetry of the bulk
3He-B, which
lifts the fivefold degeneracy of the J = 2 modes and permits
the hybridization of the (J,mJ) = (2,0) mode with the (0,0)
phase mode in the m = 0+ sector. In contrast, an admixture
of mJ = ±2 with other modes is prohibited by the remain-
ing SO(2)Jz symmetry. This leads to the mass splitting of the
m= 0+ and ±2 extended modes, and is the analogue of crystal-
field splitting of energy levels of ions embedded in the solid
state, where confinement plays the role of the crystal field. This
effect may be observable through the splitting of sound attenu-
ation peaks as seen in Fig. 3(d).
The attenuation spectrum, ρ+(ω), is displayed in Fig. 4(a).
In the C = + sector, the surface bosonic mode exists only for
m = 0+. The satellite peak with ω/∆ ≈ 1.15 in Fig. 4(a) orig-
inates from resonant excitation of the surface mode. The pro-
nounced resonance peak due to the m = 0+ extended mode
is observed even in the thin slab limit with D/ξ0 = 31. As
shown in Fig. 4(b), the spectrum of the surface mode with even
parity exhibits anomalous behavior with decreasing D/ξ0; the
mass gap closes for D∼Dc1, and the mode amplitude smoothly
evolves from a surface localized mode to an extended mode as
D approaches Dc1. We demonstrate below that the anomalous
behavior of the m = 0+ mode is a signature of the dynamical
instability of the confined ground state in Eq. (2) towards a spa-
tially modulated superfluid phase, i.e. the stripe phase [23].
Dynamical instability of the surface bound mode.— In
Fig. 5(a), we show the dispersion of the low-lying bosonic
modes for confinement near Dc1 at T = 0.4Tc0. For the ground
state we assume translational symmetry parallel to the surface as
in Eq. (2). The mass gap of the m = 0+ branch closes near Dc1
and its dispersion softens asD decreases. At the point where the
branch dispersing from the m= 0+ massive mode touches zero
frequency a pair of conjugate pure imaginary frequencies appear
in the region of small momenta, 0 . Q‖ξ0 . 0.5, at D= 8.8ξ0.
As D further decreases, the momentum region with Imω 6= 0
gradually narrows. For D . 8.3ξ0 the imaginary-frequency
modes vanish and all bosonic modes are gapped out again.
The eigenvalues of Eq. (4) reflect the curvature of fGL
around the translationally invariant equilibrium state of Eq. (2).
The appearance of pure imaginary eigenvalues at finite Q‖
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for T/Tc0 = 0.4. Eigenvalues for the 0
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curve. (b) T -D phase diagram in the weak coupling limit. The stripe-
shaded area corresponds to the dynamical instability region of the
translationally invariant B-phase. The data on the phase diagram are
taken from Ref. [31]. (c,d) Spatial profiles of unstable modes: (c)
ImDzx(z)cos(Q‖x) and (d) ReDzz(z)cos(Q‖x).
is the signature of negative curvature of fGL and the expo-
nential growth in time of the spatially modulated bosonic 0+
mode; DCµi(x) = ∑Q‖∈Q e
±|Imω(Q‖)|t+iQ‖·rDCµi(Q‖,z), where
Q := {Q‖|Imω(Q‖) 6= 0}. The softening at finite Q‖ indicates
that Eq. (2) is dynamically unstable toward a “crystallization”
of the superfluid vacuum with the spatial period L ≡ pi/Q‖.
In Figs. 5(c) and 5(d) we plot the dominant components of
the unstable modes with characteristic wavenumbers ±Q‖, i.e.
ImDzx(x,z) and ReDzz(x,z). The other components are negligi-
ble. The spatial modulation of the unstable mode coincides with
that of the stripe phase [23, 31].
Figure 5(b) shows the dynamically unstable region projected
onto the D-T phase diagram in the weak-coupling limit. The
unstable eigenmodes appear in the stripe-shaded area, which
covers the phase boundary between A and stripe phases for all
temperatures. As shown in Ref. [31], the stripe phase is sen-
sitive to strong-coupling corrections to fb. In a separate anal-
ysis we show that the dynamical instability region is less sen-
sitive to strong coupling corrections, and stays in the vicinity
of the phase boundary between the B and planar phases [24].
Thus, acoustic excitation of the planar-distorted B phase, tuned
toward the region of the dynamical instability, may provide a
mechanism for stabilizing the crystalline stripe phase.
Summary and Outlook.— Using an effective field theory we
reveal a rich spectrum of bosonic excitations in confined 3He-B,
including surface bound bosonic modes, splitting of the fivefold
J= 2 modes, and the dynamical instability signalling the forma-
tion of a crystalline stripe phase. All of these effects of confine-
ment on the bosonic mode spectrum can be captured through
ultrasound attenuation spectroscopy.
The bosonic effective field theory defined by SB does not in-
corporate the spectrum of helical MFs. The full action for 3He-
B, which is a prototype of DIII topological SCs, is given by
SB+ SF+ SFB, where SF and SFB are the actions for the spin-
51/2 Majorana field, χ , and the fermion-boson coupling, respec-
tively. The surface MF in 3He-B obeys P3χ = −χ , where P3
is the combined symmetry of the time reversal and C2 rotation
about zˆ [1, 32]. The P3 symmetry protects the characteristic
helical spin-orbit texture of the MFs, and as we show in a sep-
arate report [24], the fermion-boson coupling described by SFB
is subject to a strict selection rule. In the C = − sector, only
the m = ±1 bosonic modes couple to the helical MFs: the de-
cay of the m = ±2 surface bosonic modes into helical MFs is
forbidden by the P3 symmetry.
Lastly, we note that surface bosonic modes are not unique
to 3He-B but are expected to be common to SCs with multi-
component order parameters as they often support long-lived
midgap bosonic modes, and an attractive confinement poten-
tial, as in Eq. (4), generated by the local distorsion of the
equilibrium order parameter. As an example consider the
two-dimensional representations for cubic and hexagonal crys-
tal symmetries, whose bulk GL functional is given by fb =
−NF
3
(1− T
Tc0
)(|η1|
2 + |η2|
2) + β1(|η1|
2 + |η2|
2)2 + β2(η
∗
1η2−
η1η
∗
2 )
2 [33]. The equilibrium state for β2 > 0 is (η1,η2) =
(η0,0). In the bulk, the masses of the bosonic modes, D1 ≡
η1−η0 and D2 ≡ η2, are given by (M
C
j )
2 ≡ 1τ
δ 2 fb
δDCj δD
C
j
. Thus,
there exist two NG bosons with M−1 = M
+
2 = 0 and two mas-
sive bosons with M−2 /M
+
1 =
√
β2/2β1. The local distortion
of the equilibrium order parameter near the surface, η0(z) <
η0, generates the attractive potential for D
−
2 as
1
τ
δ 2 fb
δD−2 δD
−
2
=
(M−2 )
2− 2τ β2(η
2
0 −η
2
0 (z)). Hence, the surface bound bosonic
modes emerge on the surface of these classes of unconventional
SCs, and are expected to be observable through their coupling
to transverse electromagnetic waves [34–36].
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